The bulk of topological insulators is relatively unexplored due to excess contribution of conduction from native defects. Here we investigate the bulk conduction in a Bi2Te3 crystal having reduced defect induced conduction. Our results uncover the presence of three transport regimes which are dominated by thermal activation across bulk band gap, defect state charge conduction, and quantum coherent transport. The low temperature conductance and magnetoconductance reveal the presence of multichannel two dimensional quantum coherent transport in the bulk. The number of channels are of the order of quintuple layers, signifying each quintuple layer as a single transport channel. These transport channels exhibit two dimensional electron-electron interaction effect causing electron dephasing whereas the defect state bulk conduction exhibits three dimensional electron-electron interaction effect which vanishes on enhancement in defect induced charge carriers.
INTRODUCTION
The three dimensional (3D) topological insulators are interesting class of materials having an insulating bulk and conducting surface states possessing spin momentum locked two dimensional Dirac electrons which are immune to backscattering. These surface states are protected by the topology of the bulk band and time reversal symmetry [1, 2] . The topological materials possess interesting magnetotransport properties like large linear magnetoresistance [3] [4] [5] [6] [7] , π Berry phase in Shubnikov-de Haas (SdH) oscillations [7] [8] [9] [10] , weak antilocalization (WAL) [11] [12] [13] [14] [15] , quantum anomalous Hall effect [16] , quantum Hall effect [17] , Aharonov-Bohm effect [18] , and universal conduction fluctuations [19] . To harness these transport properties, surface dominated conduction with large dephasing length is required which is attempted by optimizing growth conditions [20, 21] , charge compensation doping [22] [23] [24] , and electrostatic gating [13] . A comprehensive insight of the transport mechanism in different conduction regimes of topological insulators is needed to understand the fundamental issues like quantum interference effects, phase coherent transport, effect of disorder and electron-electron interactions on topological state [25, 26] .
The 3D topological insulators like Bi 2 Se 3 consists of quintuple layers of Se1-Bi-Se2-Bi-Se1 separated by the Van der Waal gap. The weak Van der Waal coupling between these quintuple layers results in a highly anisotropic electronic structure [27, 28] . The presence of vacancies, defects and intersite occupancy contribute to bulk conduction resulting in a metal like behavior. In our recent work [29, 30] and some of earlier reports [31] [32] [33] , a bulk quantum Hall effect like feature is observed which depends on the number of quintuple layers in sample. These experimental results demand careful consideration on the understanding of bulk transport in these materials. In particular, we need to investigate the possibility of two dimensional (2D) transport channels in bulk, their correlation with quintuple layers and their signature in transport properties. Most importantly, the relation between these transport channels and the bulk electrons responsible for metal like behavior in these topological insulators needs to be resolved.
The quantum coherent transport is an important phenomena for investigating the existence of two dimensional electron channels and their coupling. Quantum coherent transport in microflakes and thin films of topological insulators have been extensively utilised for identification of topological surface states [11] [12] [13] [14] [15] . In this work, we uncover the underlying physics of bulk conduction in topological insulators by magnetotransport studies on Bi 2 Te 3 crystal having reduced defect state conduction. Our results show the presence of multiple 2D transport channels in the bulk. The number of transport channels are of the order of number of quintuple layers suggesting that each quintuple layer acts as a 2D transport channel. The metal like bulk transport in topological insulators arises from contribution of defect states to conduction which freezes out at low temperatures revealing the clear signature of 2D quantum coherent transport and electron-electron interaction. The bulk conduction from defect states exhibit 3D electron-electron interaction at low temperatures.
EXPERIMENTAL DETAILS
Single crystal of Bi 2 Te 3 was prepared following our previously reported method on Bi 2 Se 3 [3, 10] with a slight variation in heating protocol. The initial mixture was prepared using elements of Bismuth and Tel- lurium having purity of 99.999%. The structural characterization of the Bi 2 Te 3 crystal was done by X-ray diffraction (XRD) on D8 advanced diffractometer from Brucker using Cu Kα radiation (λ=1.54 Å). Figure 1 (a) shows the XRD pattern of the freshly cleaved surface and 1 (b) shows the XRD pattern of the crushed crystal along with its calculated fit using FULLPROF software. The XRD data of the plane surface demonstrates the peaks only corresponding to {0 0 3} planes which shows the cleaved surface is perpendicular to the C 3 axis. The Reitveld refinement confirms the R3m space group and the lattice parameters obtained are a=b=4.3877 Å and c=30.5122 Å which are in agreement with the reported literature [34, 35] . The electrical resistivity and magnetoresistance measurements were performed on two freshly cleaved samples S1 and S2 from the same crystal using 9T PPMS-AC transport measurement system. The four linear Ohmic contacts were prepared on freshly cleaved thin rectangular shaped piece of Bi 2 Te 3 crystal using silver paste. Figure 2 shows the temperature variation of resistivity on cooling in zero magnetic field for samples S1 and S2. For S1, the resistivity initially increases on lowering the temperature and crosses over to a typical metal like behavior at ∼250 K. On further lowering the temperature, below 120 K, the resistivity starts increasing and attains a maximum around 75 K, then decreases and attain a minimum around 30 K with an upward trend below this temperature. Such multiple changes in the slope of temperature dependent resistivity suggest the interplay of multiple transport mechanism in our crystal. This also indicates that Fermi level in our crystal does not lie deep in the valance band as in the case for most stoichiometric Bi 2 Te 3 crystals [35] . The insulating behaviour of resis- tivity in the temperature range 250 K-300 K suggests that transport is dominated by the thermal excitation of electrons from valance to conduction band. The number of thermally excited charge carriers decrease on lowering the temperature and the change in resistivity behavior at 250 K indicates the transport is dominated by the holes in valance band arising due to transfer of electrons to shallow defect states near the top of valance band. See the schematic band picture shown in the inset of Figure 2 . The increase in resistivity below 120 K could be due to frozen out effect of charge carriers from bulk valance to shallow defect band or from the disorder induced localization effects in the bulk [15, [22] [23] [24] 36] . The resistivity can be fitted with ρ=ρ 0 exp(∆/k B T ) for frozen out effect or with ρ=ρ 0 exp(T 0 /T ) 1/ν+1 for hopping between localized states where ν=1 for one-dimensional or Efros-Shklovskii, ν=2 for twodimensional, and ν=3 for three-dimensional variable range hopping [37] . plot giving activation energy ∆=5.1(1) meV. The almost saturated resistivity below 75 K signals the insignificance of bulk contribution in overall conduction below this temperature, therefore the conductance of the system in this temperature range should ideally be ∼ e 2 /h which is the conductance of one surface channel of the topological insulator. The conductance of our system at around 70 K is 5.67 Ω −1 (≈ 1.46×10 5 e 2 /h) which suggests the presence of multiple transport channels in our crystal. Sample S2 also exhibits similar conduction regimes, but the metal like conduction starts above 300 K indicating a higher contribution of defect induced charge carriers. The relative flat behavior of resistivity between 115 K-100 K suggests that the freezing/localization of defect induced charge carriers at low temperature is relatively weak in comparison to S1.
RESULTS AND DISCUSSION
The decrease in resistivity below 70 K and the upward trend below 30 K in S1 is the effect of weak antilocalization and electron-electron interaction (EEI) corrections to resistivity respectively. In quantum transport regime, the quantum interference between the time reversed electron waves causes weak localization (WL) or weak antilocalization (WAL) correction to conductivity. WL is realized in limit of weak spin orbit scattering while WAL is observed in limit of strong spin orbit scattering or from π Berry phase in topological surface states [38] [39] [40] . The weak localization correction to conductivity ∆σ is negative for WL and positive for WAL. For 3D, the WAL correction to conductivity ∆σ 3DWAL ∝ −T p/2 where p is the index which determines the temperature dependence of inelastic scattering time causing electron dephasing and depends on the scattering mechanism, dimensionality etc. For 2D, the WAL correction to conductivity is given as
where α= 1/2 for single channel WAL and T 0 is the temperature above which WAL correction vanishes. p ≥2(1) for 3D(2D) electron phonon scattering, 3/2 for 3D EEI, and 1 for 2D EEI [12, 14, [41] [42] [43] [44] . The dephasing mechanism is generally dominated by electron-phonon scattering in 3D weak disorder systems, while for 2D systems, the Nyquist electron-electron scattering is the dominant scattering process at low temperatures. The electron-electron interaction (EEI) effect in a disordered system also gives rise to corrections in conductivity at low temperatures. For 3D, the EEI correction to temperature dependence of conductivity is [39] 
and for 2D the EEI correction is
where the coefficientF σ is the electron screening factor, T 0 is the characteristic temperature for EEI effect and D is the diffusion constant. The conductance σ(T ) of S1 and S2 below 20 K is shown in Figure 3 (b) and is fitted with a combination of 2D WAL and EEI (∆σ=alnT ), 3D WAL and EEI (∆σ=bT p/2 + c √ T ), 3D WAL and 2D EEI/WAL (∆σ=alnT + bT p/2 ), and 2D WAL/EEI and 3D EEI (∆σ=alnT + c √ T ) models. The coefficient of WAL term should be negative and the coefficient of EEI term should be positive. The best fit with physically significant parameters is obtained by the 2D WAL/EEI and 3D EEI combination, suggesting the presence of 2D WAL, EEI and 3D EEI in S1; whereas σ(T ) of S2 fits well with 2D WAL and EEI combination indicating the presence of only 2D WAL and EEI in S2. The strength of 3D electron-electron interaction ∝ n
, where n is the carrier density. Since S1 has lower defect induced charge carriers which is further reduced by stronger freezing/localization effects at low temperatures in comparison to S2, the observation of 3D EEI in S1 and its absence in S2 suggests that the 3D EEI effect in S1 arises due to defect induced charge carriers.
The low field magnetoconductance for WAL effect is expected to follow Kawabata [45] equation for 3D WAL and Hikami-Larkin-Nagaoka (HLN) [38] equation for 2D WAL. The least square fitting of low field magnetoconductivity of S1 with Kawabata equation gives prefactor α=480 which is theoretically 1 and is observed to lie between ∼ 0.3-0.5 in the experiments [22, 46] . The unphysical value of α rules out the possibility of 3D WAL, and as seen by the temperature dependence of conductivity, a 2D WAL model is more appropriate for describing the magnetoconductance of our system. The low field magnetoconductance is fitted with Hikami-Larkin-Nagaoka (HLN) equation [38] ∆σ(B) = −α e
where α= 1/2 for single channel WAL, α= 1 2 n c for n c independent 2D transport channels with same dephasing time, Ψ is the digamma function and L φ is the dephasing length which is the average length an electron can maintain its phase. For single topological surface state α=0.5 and for two identically decoupled topological surface states separated by an insulating bulk α=1. The coupling between the metallic bulk state and the two surface states gives α =0.5 [11, 47] . Experimentally α=0.3-1.1 is observed in thin films depending on the coupling between bulk and surface states [12, 14, 48, 49] and for single crystals α ≈3 has been reported for insulating Bi 2 Te 2 Se [15] with resistance of 1kΩ at 2 K while α ∼ 10 5 for bulk crystals with metallic transport [6, 50] . Figure 4 shows the symmetrized low field magnetoconductance of S1 and S2 along with the least square fitting of HLN equation at different temperatures. The magnetoconductance data fits well with the HLN equation upto ∼ 150 K and the values of fitting parameters L φ and α are shown in Figure 5 .
The dimensionality of WAL effect is determined by the relation between dephasing length L φ and sample thickness t. For L φ <t WAL effect is 3D while for L φ >t WAL effect is 2D. For S1 t=0.09 mm, L φ =30 nm and for S2 t=0.236 mm, L φ =51 nm at 2K. Both of our samples have L φ <t suggesting the possibility of 3D WAL effect whereas the temperature dependence of conductance and the HLN fitting of magnetoconductance show a 2D WAL effect. In Bi 2 Te 3 , the two dimensional quintuple layers of thickness ≈1 nm [51] are weakly coupled along the c axis and it seems that these quintuple layers act as 2D transport channels. A single quintuple layer have been observed to act as an independent transport channel in Qunatum Hall effect scaling of Bi 2 Se 3 [29, 31] and Fedoped Bi 2 Se 3 [33] single crystals while two quintuple layers act as a single transport channel in case of Bi 2 Se 3 microflakes [32] . The thickness of a quintuple layer is much less than the dephasing length in our samples (L φ =30 nm for S1 and L φ =51 nm for S2) suggesting that 2D WAL effect can arise if each (or a couple of) quintuple layer acts like a 2D transport channel. For S1, t=0.09 mm allow ≈ 9×10 independent 2D transport channels in the WAL. The number of 2D transport channels obtained from HLN fitting and from quintuple layers are of the same order and both increase with sample thickness, indicating that our crystal has multiple 2D transport channels and each quintuple layer in the sample acts like a 2D transport channel. The relatively large number of transport channels obtained from HLN fitting could be due to coupling of 2D transport channels with the residual defect induced bulk conduction [15] . Figure 5 shows the temperature dependence of electron dephasing length L φ for S1 and S2. L φ remains constant upto ∼20 K and decreases on further increasing the temperature due to enhancement in inelastic scattering. The temperature dependence of L φ can be explained with [6, 14] 1
where L φ (0) is the zero temperature dephasing length which depends on various factors including sample geometry and defects, A ee T p1 and A ep T p2 are the contributions of electron-electron (e-e) and electron-phonon (e-ph) scattering respectively. p1 and p2 depend on the temperature dependence of inelastic scattering time with p1=1 for 2D e-e scattering and p2 ≥1 for 2D e-ph scattering. The best fitting of Equation 5 to L φ (T ) is obtained for A ee =-1.7×10 −5 , A ep =4.6(5)×10 −6 , p1=1, p2=1.4 for S1 and A ee =-7(2)×10 −6 , A ep =4.3(4)×10 −7 , p1=1 and p2=1.9 for S2 suggesting that 2D electron-electron scattering is the dominant dephasing mechanism along with the 2D electron-phonon scattering. Further, the two dimensional nature of the dephasing mechanism reiterates the fact that WAL effect is emerging from 2D transport channels.
CONCLUSION
In conclusion, we have studied temperature dependent conductance and low field magnetoconductance of Bi 2 Te 3 single crystal. Our results demonstrate the presence of three charge transport regimes viz. thermal excitation across the bulk bands, defect induced conduction and quantum coherent transport dominated at high, intermediate and low temperature regions respectively. The comprehensive analysis of quantum coherent transport in the bulk single crystal reveals the presence of multiple 2D transport channels. The number of channels and quintuple layers are of same order in both the samples studied and are directly related to the thickness of the sample, revealing each quintuple layer acting as a transport channel. Further, 2D transport channels exhibit the 2D EEI effect whereas defect induced conduction reveals the presence of 3D EEI effect which vanishes on the enhancement of defect state charge conduction.
